1. Introduction {#sec1}
===============

Cardiac myocytes are linked to each other along their axis of contraction by complex connections called intercalated disks (reviewed in \[[@B1]\]). The cardiac intercalated disk (ID) is composed of three types of cell-cell contacts: adherens junctions, gap junctions, and desmosomes. These connections serve as anchorage sites for the actin cytoskeleton, the intermediate filament network, microfilaments, microtubules, and the terminal ends of the myofibrils. They stabilize the cellular cytoskeleton and electromechanically couple adjoining cardiac myocytes to form a functional syncitium. Alterations in the structure of the disk, either due to mutation of one of its components or aberrant remodeling during heart failure, can lead to progressive contractile dysfunction and cardiac arrhythmias \[[@B2]\].

ID remodeling may be an important ventricular adaptation to congestive heart failure. In response to dilated cardiomyopathy (DCM) and congestive failure, there is a marked upregulation of adherens junction constituents, including N-cadherin, and *β*-catenin, and the plicate region of the intercalated disk becomes much more undulated \[[@B3]\]. Since the increased undulation will decrease the angle of incidence between the working myofibrils and their membrane anchorage sites, this will result in an improved force transmission and diminished shear stress at the intercalated disk. Therefore, structural adaptations within the intercalated disk, specifically within the adherens junctions, may in part compensate for the increased myocardial strain that accompanies congestive heart failure and DCM and may enable optimization of force transmission in this setting.

In contrast to the adhesive complex proteins of the intercalated disk, connexin43 (Cx43), a gap junction protein is not upregulated and, according to some reports, even downregulated in the setting of DCM \[[@B4]\]. Several studies have also shown significant redistribution of Cx43 in the setting of cardiomyopathies and heart failure \[[@B5]\]. This suggests that there are distinct regulatory pathways governing the expression of the mechanical and electrical elements of the ID, and that these pathways can be affected by disease. Additional studies have shown a close interaction between the mechanical and electrical components of the intercalated disk since loss of N-cadherin disrupts connexin localization and cardiac impulse propagation \[[@B6]\], and correct targeting of Cx43 to the ID depends on transport of the intact protein to cadherin-containing adherens junctions of the disk \[[@B7]\]. This suggests that the disruption of the mechanical components of the disk may lead to destabilization of the gap junctions and ventricular arrhythmias.

Perhaps the most direct evidence of the important relationship between the structural and electrophysiologic properties of the ID involves the clinical syndrome of Arrhythmogenic Right Ventricular Cardiomyopathy/Dysplasia (ARVC). ARVC is a heterogenous disorder characterized by severe ventricular arrhythmias and, commonly, fibro-fatty replacement of regions of the right and/or left ventricle (reviewed in \[[@B8]\]). It has been estimated that, although ARVC is a relatively rare condition, affecting approximately 1 in 5000 people in the U.S., it is responsible for approximately 10% of the cases of sudden death in individuals under the age of 35 \[[@B9]--[@B11]\]. To date, ten different genes have been determined to be responsible for causing ARVC, including desmocollin, desmoglein, desmoplakin, plakophillin-2 (PKP2), plakoglobin, desmin, ZASP, Transmembrane Protein 43 (TP43), and Transforming Growth Factor *β*3 (TGF *β*3). For many of these genes, mutations have only been identified in a few pedigrees worldwide \[[@B8]\] or lead to "atypical" forms of ARVD.

The great majority of ARVC cases with identified genetic mutations are linked to genes coding for proteins of the desmosome. Since none of these proteins directly participate in propagation of the cardiac impulse, alteration in the properties of the desmosome must have important secondary effects on the electrochemical connections within the ID including the gap junctions and/or the voltage-gated sodium channels (VGSC). Recent studies have supported this assertion, demonstrating that plakophilin-2 (PKP2), a part of the desmosomal complex, is involved in stabilization of gap junctions and VGSCs within the ID. Loss of PKP-2 was associated with redistribution of Cx43 gap junctions in cell culture models and in patients with ARVC \[[@B12]--[@B14]\] and with decreased sodium current and lower conduction velocity in cultured cardiac myocytes \[[@B15]\]. Yet the relationships between the assembly and organization of the desmosomes and the recruitment and stabilization of the gap junctions and VGSCs have not been well characterized. In this study, we examined the assembly of IDs in remodeling adult rat cardiac myocytes in primary culture. The findings suggest progressive and coordinated maturation of the transmembrane adhesion complexes, intracellular cytoskeletal networks, and, ultimately, specialized sarcolemmal domains.

2. Materials and Methods {#sec2}
========================

2.1. Cell Culture {#sec2.1}
-----------------

Primary cultures of cardiac myocytes were isolated from adult female rats using enzymatic dissociation of myocardial tissue with trypsin and collagenase as previously described \[[@B16]\]. Cells were cultivated on coverslips in 199 medium as described \[[@B17]\].

2.2. Immunohistochemistry {#sec2.2}
-------------------------

Cells on coverslips were washed with PBS, fixed in methanol for two minutes, and rinsed with PBS. Coverslips were incubated in PBS+0.1%TX100+1 mg/ml BSA for 30 minutes, rinsed three times with PBS, and incubated with primary antibody diluted in PBS+BSA for 1.5 hours at room tempretare. Following three PBS washes, coverslips were incubated with secondary antibodies. Cells were incubated with monoclonal and polyclonal antibodies together, followed by combined corresponding secondary antibodies. Controls for immunostaining were the omission of both primary antibodies and omission of both secondary antibodies. Sequential staining was performed when two monoclonal antibodies were used on one sample. After the first primary/secondary incubations, coverslips were incubated at 4°C overnight with goat antimouse IgG, then washed with PBS and incubated with Fab fragment of goat antimouse IgG. The second primary/secondary antibodies were then applied. Additional controls included reversing order of secondary antibodies and reversing order of primary incubations.

The following primary antibodies were used: 4B2 against Dsg \[[@B18]\], PKP2 (1 : 20, Biodesign International, Meridian Life Science, Saco, ME. K44262M), pan-cadherin (1.4 mg/ml, Sigma C3678), NW6 against desmoplakin (1 : 100), ankyrinG (10 *μ*g/mL, SCBT, SC28561), connexin43 (750 *μ*g/mL, Sigma C8093), plakoglobin (1 : 100, Sigma P8087), Na~v~1.5 (40 *μ*g/mL, Alamone ASC-005). FITC conjugated goat-antimouse IgG, Texas Red conjugated goat-antimouse IgG, FITC conjugated goat anti-rabbit IgG, and Texas Red-conjugated goat antirabbit IgG were obtained from Jackson ImmunoResearch Laboratories Inc. (West Grove, PA). Coverslips were mounted on slides using the Prolong Gold antifade reagent with DAPI (Molecular Probes Inc., Eugene, OR). Immunostained samples were examined with an Olympus FV-500 Meta confocal microscope using a 60x objective.

2.3. Electron Microscopy {#sec2.3}
------------------------

Cells were plated on laminin-coated coverslips as above. Five days post plating, the cells were fixed overnight at 4°C in 2.5% glutaraldehyde and 2.0% paraformaldehyde and post fixed in 1% osmium tetroxide. After washing, they were stained with saturated uranyl acetate, and embedded in Epon 812. Ultra-thin sections were prepared and stained with saturated uranyl acetate and lead citrate. The sections were examined with a Philips CM100 transmission electron microscope, at an accelerating voltage of 60 kV.

3. Results {#sec3}
==========

3.1. Time Course of ID Remodeling in Primary Culture {#sec3.1}
----------------------------------------------------

Adult rat cardiac myocytes grown in primary culture in the presence of serum disassemble their contractile structures and remodel their cellular cytoskeleton \[[@B19]\]. Over the course of 2--5 days, the cells extend processes, form new cell-matrix and cell-cell contacts, assemble new myofibrils, and resume spontaneous beating. During the remodeling process, the components of the ID are dismantled and subsequently reassembled at the new sites of cell-cell contact. To assess the time course of intercalated disk reassembly, primary cultures were immunolabeled with a pan-cadherin and PKP2 antibodies at timepoints from 1 to 14 days post plating (Figures [1](#fig1){ref-type="fig"}and [2](#fig2){ref-type="fig"}). It was noted that, as a result of cell spreading and redistribution of adhesive junction components, new cell-cell contacts began to form as early as 3 days post plating along the boundaries between adjoining cells ([Figure 2](#fig2){ref-type="fig"}). Over the next 1-2 weeks in culture, the degree of myofibril alignment increased and the new IDs became focused at the polar ends of the myocyte along the new axis of contraction (see Figures [1(e)](#fig1){ref-type="fig"} and [1(e′)](#fig1){ref-type="fig"}).

Based on these studies, the 5 day post-plating timepoint was selected for further analyses. This timepoint allowed the evaluation of the order of incorporation of cytoskeletal elements into more complex and organized assemblies ([Figure 3](#fig3){ref-type="fig"}). At later timepoints, contractile activity and ongoing remodeling made it more difficult to differentiate assembling from disassembling structures.

3.2. Adhesive Junction and Armadillo Family Proteins Colocalize during the Early Phase of ID Assembly {#sec3.2}
-----------------------------------------------------------------------------------------------------

To determine the scaffolding requirements for each element of the ID, their inclusion into new cell-cell contacts of varying complexity and maturity was examined at 5-days post plating. The order of incorporation was determined by pairwise comparison of double immunolabelings with an array of ID components. If two elements precisely colocalized in all cells sampled then they were scored as essentially concurrent in their incorporation into the new cell-cell contact. For some pairs, one of the two elements was never noted at cell contacts in the absence of the other; that element was determined to be recruited after the other to the new cell contacts. For some pairs, the localization patterns did not precisely overlap and either protein could localize to the new contact without the other. In those cases, the localization was determined to be simultaneous but not strictly interdependent.

Using this approach, the earliest components of the ID to localize to new cell-cell contacts were the transmembrane proteins, including N-cadherin and desmocollin, and the armadillo family proteins, including *β*-catenin (data not shown), plakoglobin (PG), and PKP2 ([Figure 4](#fig4){ref-type="fig"}). Of these, N-cadherin seemed to be required for adhesive contact formation as none of the other components were noted along the line of cell apposition in its absence. There was some variability in the ratio of PKP2 to desmocollin (Figures [4(d)](#fig4){ref-type="fig"}--[4(f)](#fig4){ref-type="fig"}), indicating that there may be a nonstoichiometric relationship between the two, at least early in the assembly process or that PKP2 can localize to contacts that do not contain desmocollin. However, the localization patterns were nearly identical, indicating simultaneous or virtually simultaneous incorporation of the cadherin-armadillo protein complexes of both desmosomal and adherens junctions subtypes into the new cell adhesive domains. The most notable differences were in regions where N-cadherin was noted along projections within the cell extending from the site of cell-cell contact. These may represent filopodial-like cellular projections that, once the contact with the adjoining cell is established, recruit desmosomal components including PKP2 (Figures [4(a)](#fig4){ref-type="fig"}--[4(c)](#fig4){ref-type="fig"}).

Localization of the desmosomal cadherins, PKP2 and PG to overlapping sarcolemmal domains closely followed N-cadherin incorporation. Variations in the relative abundance of the two within the adhesive contacts ([Figure 5](#fig5){ref-type="fig"}) suggests that, while PKP-2 and PG are localizing to the same sarcolemmal regions concurrently, the presence of one may not be required for the localization of the other and both may be dependent on the presence of other components, namely, the cadherins, for proper incorporation into the adhesion complex.

Insertion of the intermediate filaments into the desmosomal complex requires desmoplakin (DP), a plaque protein that binds to intermediate filaments and to desmosomal proteins such as PKP2, PG, desmocollin, and desmoglein. DP appeared to be recruited to the newly-formed cell contacts after the assembly of complexes of the cadherin and armadillo family of proteins. In addition, it appeared to be recruited to only a subset of the contact sites. In contrast to PKP2 which distributed along the entire adhesive contact, DP localization was more granular in appearance, indicating the assembly of desmosomal plaques ([Figure 6](#fig6){ref-type="fig"}).

3.3. Connexin43 Concentrates at New IDs after the Assembly of the Adhesive Junction-Armadillo Protein Complexes {#sec3.3}
---------------------------------------------------------------------------------------------------------------

Previous studies have demonstrated that gap junction formation is dependent on the prior assembly of adhesive contacts in multiple cell types including cardiac myocytes \[[@B20]--[@B22]\]. Disruption of either desmosomal or adherens junction complexes results in the loss of gap junctions from the intercalated disk and the development of malignant ventricular arrhythmias \[[@B23], [@B24]\]. Prior work by Kostin et al. \[[@B25]\] demonstrated that, in primary adult rat cardiac myocytes in primary culture, both adherens junctions (as determined by immunolocalization of N-cadherin and *α*- and *β*-catenin) and desmosomal contacts (as determined by desmoplakin and PG) were recruited to new cell-cell contacts prior to the formation of gap junctions. We similarly noted the recruitment of gap junctions selectively to membrane domains involved in adhesive contacts ([Figure 7](#fig7){ref-type="fig"}). Subsarcolemmal assembly of connexons preceded their insertion into adhesive domains (Figures [7(a)](#fig7){ref-type="fig"}, [7(b)](#fig7){ref-type="fig"}, and [7(d)](#fig7){ref-type="fig"}).

3.4. Recruitment VGSCs to the Intercalated Disk {#sec3.4}
-----------------------------------------------

Previous studies examining the localization of VGSC signaling complexes to specific subcellular membrane domains have highlighted the role of ankyrins in the targeting and stabilization process. It has been demonstrated that Na~v~1.5 physically interacts with ankyrin-G \[[@B26]\]. A mutation in *SCN5A*, the gene encoding Na~v~1.5, that impairs its ability to bind ankyrin-G results in loss of the channel from the sarcolemma and causes Brugada Syndrome, an electrophysiologic defect of the heart associated with ventricular fibrillation and sudden death \[[@B27]\]. Recent studies have further demonstrated an interaction between PKP2 and Na~v~1.5, suggesting functional integration of the VGSC with other membrane proteins such as ankyrin and with desmosomal adhesive complexes \[[@B15]\].

Therefore, to determine the structural requirements for the recruitment of the VGSC to newly formed IDs, the pattern of localization of ankyrin-G, Na~v~1.5, and the desmosomal protein PKP2 was examined at 5 and 13 days post plating. By 5 days post plating, ankyrin-G was specifically recruited to sarcolemmal domains involved in cell-cell contacts as determined by PKP2 colocalization ([Figure 8](#fig8){ref-type="fig"}). It appeared to arrive at the new ID significantly prior to the Na~v~1.5 *α* subunit, consistent with ankyrin-G recruiting VGSCs to the sarcolemma. Furthermore, it suggests that ankyrin-G is likewise dependent for its localization on targeting mechanisms that specifically direct it to sites of cell-cell contact.

The Na~v~1.5 *α* subunit itself arrives at the newly formed ID much later than ankyrin-G. At the 5-day timepoint, when new cell-cell contacts are forming and ankyrin-G is beginning to co-localize to cell contact sites, immunostaining for Na~v~1.5 demonstrates a more diffuse localization (Figures [9(a)](#fig9){ref-type="fig"}--[9(d)](#fig9){ref-type="fig"}). The antibody detects epitopes closely associated with newly assembled myofibrils. Previous work has demonstrated that membrane domains are closely associated with these new myofibrils \[[@B28]\]. Whether or not this truly represents localization of Na~v~1.5 to membrane structures associated with the myofibril remains to be determined. That ankyrin-G co-localized with Na~v~1.5 to these sites suggests that the immunostaining is specific and may represent a developmental intermediate as the membrane domains reorganize in the redifferentiation phase of remodeling. Later relocalization of Na~v~1.5 to the ID was demonstrated by immunostaining at 13 days post plating (Figures [9(e)](#fig9){ref-type="fig"}--[9(g)](#fig9){ref-type="fig"}).

4. Discussion {#sec4}
=============

The de- and redifferentiation of adult rat ventricular myocytes in primary culture has long been used to examine the processes guiding the reorganization of cytoskeletal and contractile structures that occurs during cardiac development and during the cellular remodeling that accompanies adaptation to pathophysiologic conditions \[[@B19]\]. Perhaps no model system is more ideally suited for characterizing the stepwise assembly and functional integration of complex cardiomyocyte structures such as the intercalated disk and the cardiac myofibril.

Pioneering studies by the laboratories of Werner Franke \[[@B29], [@B30]\] and Jutta Schaper \[[@B25], [@B31]\] have used primary cultures of neonatal and adult rat cardiac myocytes to make important contributions to our understanding of ID assembly and organization. The findings presented here build on this previous work by focusing on the ordered assembly of the desmosome and on the relationship between the desmosomal complex and the electrochemical connections within the disk ([Figure 10](#fig10){ref-type="fig"}).

4.1. Relationship of Desmosomes and Adherens Junctions {#sec4.1}
------------------------------------------------------

Traditionally, the intercalated disk was viewed as the sum of distinct intercellular contacts that could be readily categorized as desmosomes, adherens junctions, or gap junctions. More recent studies however have suggested that interrelationships of the desmosomes and the adherens junction components may be more extensive than previously recognized. There is now strong evidence that, in the mammalian heart, components of the desmosome and adherens junction routinely interact to form composite structures \[[@B32]\], leading to the coining of the term "area composita" to refer to domains within the plicate region of the ID disk in which there is an extensive intermingling of the two types of contacts. These cross-type connections would be predicted to form a strong network linking the actin filaments at the terminal ends of the myofibrils, with the cortical actin and intermediate filaments of the cellular cytoskeleton. The transmembrane portions of the connections would extend this network to the adjoining cells to form a "tissue-skeleton" for the heart, preserving ventricular architecture in the face of the hemodynamic demands.

Despite the important relationship between the two cell adhesion systems, how these interconnections are established and maintained is still not well understood. Previous studies have demonstrated the dependence of desmosome formation on the prior assembly of adherens junctions, suggesting a hierarchy within the assembly process. Human keratinocytes treated with antibodies to E- and P-cadherin are unable to form adherens junctions and have a dramatically reduced number of desmosomes \[[@B33]\]. Overexpression of a dominant negative cadherin in keratinocytes likewise impaired desmosome formation \[[@B34]\]. The mediator of this interaction between the two transmembrane systems may be plakoglobin, which is capable of interacting with both desmosomal and classic cadherins.

Our studies would suggest that a similar hierarchy exists in cardiac myocytes. Yet the extensive overlap in the localization patterns for the cadherin and armadillo protein components of both the desmosomes and the adherens junctions suggests that these processes occur nearly simultaneously in the remodeling cardiac myocyte and supports the previous observation that there is intermingling of the two types of adhesive contacts early in ID assembly \[[@B25]\]. The extent to which these contacts are subsequently sorted into distinct contact types (desmosome versus adherens junction) has been debated, but studies by the Franke laboratory suggest that in mammals, as opposed to fish and amphibians \[[@B35]\], these contacts will ultimately be intermingled within the area composita of the ID after birth \[[@B32]\].

4.2. Desmosomal Assembly in Newly Formed Cardiomyocyte Cell-Cell Contacts {#sec4.2}
-------------------------------------------------------------------------

The assembly of the elements of the intercalated disk would suggest that it progresses in a layered fashion, beginning with the organization of the transmembrane components and ultimately resulting in the remodeling of the cellular cytoskeleton. The "outside the cell" to "inside the cell" progressive organization of the intercalated disk is reminiscent of focal adhesion formation in that contact of the cell with extracellular environment (either the surrounding matrix in the case of the focal adhesion or the neighboring cells for the IDs) initiates organization of transmembrane molecules, followed by assembly of the submembrane complexes and integration with the cellular cytoskeleton. As with focal adhesions, dynamic cellular processes then promote "inside-out" remodeling of the transmembrane complexes leading to the clustering at specific contact sites, in this case, those that are localized to the termini of the cardiac myofibrils. Although there are two types of cell-cell contacts that form between neighboring cardiac myocytes, desmosomes and adherens junctions, the current study is in agreement with prior observations \[[@B25]\] that there may be a mixture of these two types of adhesive contacts. That PKP2, a desmosomal component, was noted to localize to contact sites lacking desmocollin, but never to domains lacking N-cadherin supports this assertion. Although direct interactions have not been described between PKP2 and classic cadherins, PG interacts with both classic cadherins and PKP2 and may promote localization of PKP2 to the contact site even in the absence of desmosomal cadherins. The ability of PG to bind to both classic and desmosomal cadherins and to interact with PKP2 may allow it to promote interactions of the two types of contacts both early in the formation of new intercalated disks as noted by Kostin et al. \[[@B25]\], and within the area composita later in the maturation of the disk \[[@B32]\].

The recruitment of PKP2 to the new intercalated disk may be required for the next phase of desmosomal assembly, namely, the linkage of the transmembrane complex with the intermediate filaments of the cellular cytoskeleton through the desmosomal plaque protein, desmoplakin. At the amino terminus of desmoplakin is a plakin domain that interacts with desmocollin, desmoglein, PKP2, and PG \[[@B36]--[@B38]\]. The carboxy terminus has an intermediate filament binding domain that promotes interactions with desmin intermediate filaments, vimentin, and cytokeratins \[[@B39]\]. Therefore, desmoplakin is required for the docking and integration of the intermediate filament system with the desmosomal cadherins, either through direct physical interaction or as part of a complex through interaction with the armadillo proteins, PG and PKP2. Once established, this connection physically links the cellular cytoskeleton of one myocyte with the next through the transmembrane and intercellular connections of the desmosome. This linkage is critical for the integrity of the desmosome and for the stability of the cellular cytoskeleton. Prior studies have demonstrated that PKP2 scaffolds PKC*α*, which prepares desmoplakin for incorporation into the desmosome \[[@B22]\]. Therefore, it is not surprising that DP only localized to regions of cell contact that already had recruited PKP2.Whether or not DP would have been able to localize to the ID in the absence of PKP2 or other elements of the adhesion complex was not examined in this study.

4.3. Relationship of Adhesive Contacts to Electrochemical Connections within the ID {#sec4.3}
-----------------------------------------------------------------------------------

As noted above, our findings regarding the assembly of gap junctions following the formation of adhesive contacts are consistent with the prior studies using this model system \[[@B25], [@B30]--[@B32]\]. This is true both for newly assembled contacts and for more mature intercalated disk-like structures. Connexin43 was recruited to new cell contacts after formation of adhesive contacts. As those contacts remodeled and more mature intercalated disk-like structures were organized, connexin43 remained more diffusely localized around the cell periphery before relocalizing to the new ID.

The factors that recruit gap junctions to and stabilize them within the ID are of particular interest for understanding the genesis of ventricular arrhythmias. Redistribution of gap junctions from the intercalated disk to the lateral sarcolemma is a characteristic feature of a range of myocardial disorders including myocardial ischemia, myocardial hypertrophy, and hypertrophic and dilated (or congestive) cardiomyopathy \[[@B4], [@B5]\]. This process, termed lateralization of the gap junctions, appears to be dependent upon or at least associated with changes in the phosphorylation state of specific residues within the carboxy terminus of connexin43 \[[@B40]\]. While heart failure and ischemic cardiomyopathy is only associated with an overall reduction in gap junction content of approximately 50% \[[@B41]\], compared to the 80% reduction required to see abnormalities of conduction velocity in animal models \[[@B42]\], regional variation in gap junction content can result in some regions within the diseased ventricle with greater than 90% reduction \[[@B41]\]. Direct electrical measurements are still required to properly assess the impact of this redistribution in the context of action potential propagation. Yet, we speculate that the genesis of ventricular arrhythmias in this setting may be due to the overall reduction and redistribution of gap junctions from the ID and, even more importantly, to the heterogeneity of electrical coupling within afflicted regions, thus setting the stage for generation of reentrant arrhythmias. Therefore, defining the interactions that affect gap junction localization to and retention within the ID region will be important for identifying strategies to limit its redistribution and the resulting effects this has on impulse propagation and cell connectivity within the myocardium.

Like the gap junctions, the VGSC ion conducting pore also appears to be recruited to the ID significantly after the formation of the adhesive complexes and is specifically localized to adhesion domains within the region of cell-cell contact. As noted previously \[[@B15]\], this suggests an interrelationship between the VGSC and the desmosome. How ID remodeling during pathophysiologic stress affects VGSCs has not been well studied. Given the array of cardiac dysrhythmias and conduction abnormalities that can occur with *SCN5A* mutations \[[@B43]--[@B45]\], it would be anticipated that a change in channel distribution or function within the ID might have a dramatic effect on the propensity for cardiac arrhythmias. As with the gap junctions, structural remodeling of the ID may result in redistribution of Na~v~1.5 and reduction in conduction velocity. Regional variation in conduction velocity can, in turn, lead to abnormal impulse propagation that supports ventricular arrhythmias.

While previous studies have examined the relationship of desmosomal and gap junction assembly in redifferentiating cardiac myocytes as noted above, the localization of Na~v~1.5 to the ID has not been well described. Na~v~1.5 is responsible for impulse generation and propagation in the heart. The complex includes a pore-forming *α* subunit, and two different structural and regulatory *β* subunits. An essential component of the VGSC complex is ankyrin-G, a membrane protein that binds both Na~v~1.5 and *β*1 and localizes VGSCs to specific subcellular domains \[[@B46]--[@B48]\]. There are nine different VGSC *α* subunit genes \[[@B49]\], four of which are expressed in the ventricular myocyte, including the tetrodotoxin sensitive (TTX-S) channels, Na~v~1.1, Na~v~1.3, and Na~v~1.6 and the tetrodotoxin-resistant (TTX-R) channel Na~v~1.5 \[[@B50]\]. In heart, the TTX-S channels localize with ankyrin-B to the transverse T-tubule system while TTX-R Na~v~1.5 interacts with ankyrin-G and is targeted to the intercalated disk and to the lateral sarcolemma \[[@B26]\]. The importance of Na~v~1.5 to normal cardiac physiology is evident from the range of severe cardiovascular disorders associated with alterations in the function or integrity of the Na~v~1.5 signaling complex as well as the severe phenotype of the *Scn5a* null mouse model \[[@B51]\]. Mutations in *SCN5A* have been described in patients with Long QT syndrome (LQT3) \[[@B43]\], Brugada Syndrome (BS) \[[@B44]\], Progressive Familial Heart Block (PFHB1A), and Dilated Cardiomyopathy with conduction disorder and arrhythmia (CMD1E) \[[@B52]\]. These disorders are associated with abnormal impulse propagation (PFHB1A and CMDE1) and/or severe ventricular arrhythmias and sudden death (LQT3, BS, and CMDE1). The finding of dilated cardiomyopathy in a subset of patients may be due to the adhesive properties of *β*1 and/or *β*2 subunits \[[@B53], [@B54]\] and is further evidence of the close relationship of the structural and electrochemical properties of the ID.

In this study, we noted that ankyrin-G was selectively recruited to cell-cell contact domains involved in adhesive interactions, suggesting that cell adhesion is required for localization of Na~v~1.5 to the ID. This targeting concentrates the channel at specific sarcolemmal domains, most specifically those domains that are also involved in direct electrochemical communication between adjacent cells through co-localization with gap junctions.

5. Summary {#sec5}
==========

The current study builds on prior work using the de- and redifferentiation model of cardiac myocyte remodeling to examine the ordered assembly and integration of the elements of the ID. The current study demonstrates that desmoplakin and ankyrin-G are specifically recruited to PKP-containing adhesion plaques in remodeling cardiac myocytes and that localization of ankyrin-G to new intercalated disks significantly precedes the recruitment of Na~v~1.5, the alpha subunit of the VGSC. These new findings have important implications for the scaffolding of critical elements of the cellular cytoskeleton involved in the pathogenesis of disease processes including ARVD and Na~v~1.5-dependent disorders (e.g., Long QT Syndrome type 3 and Brugada Syndrome). The observed hierarchy for the assembly of the mechanical and electrochemical components of the disk has important implications for determining the genesis of ventricular arrhythmias in these disorders. Through the identification of mechanisms of arrhythmia generation, it may be possible to develop novel treatment strategies to prevent serious ventricular arrhythmias and lower the risk for sudden cardiac death in patients with ischemic or genetic myocardial disease.
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![Reassembly of cell-cell contacts in remodeling adult rat cardiac myocytes in culture. (a, b) On days 1--3 post plating, the cell rounds up, the IDs disassemble, and cadherins redistribute along the periphery of the cell (arrow in b). (c, d) Between days 5--7, new cell-cell contacts form and cadherin localizes to specific domains along the line of apposition (arrows). (e) By 14 days post plating, the cell-cell contacts have remodeled to form more localized and mature structures (arrow). Scale bars are 20 *μ*m.](JBB2010-624719.001){#fig1}

![Early remodeling of the intercalated disks of isolated adult rat ventricular cardiomyocytes in primary culture. (a) One day post plating, PKP2 (green) and N-cadherin (red) relocalize from the intercalated disks to the lateral sarcolemma. (b)--(e) By day 3 post plating, very immature cell-cell contacts have begun to form between the spreading cardiomyocytes. N-cadherin (red) specifically localizes to these contact sites before PKP2 (green). Note that these new cell contacts predominantly contain either N-cadherin (arrowheads in (b)--(f)) or both N-cadherin and PKP2 ((b)--(f): yellow) but not PKP2 alone. Scale bars are 20 *μ*m (b) and 10 *μ*m (c)--(f).](JBB2010-624719.002){#fig2}

![Ultrastructural analysis of new cardiomyocyte cell-cell contacts at 5-days post plating. At this timepoint, cell contacts form and develop rapidly, allowing the observation of both nascent (a, b, d) and more mature (c, e, f, g) contact sites. (a) Remodeling cardiomyocytes extend fingerlike projections (arrowheads) that interact with neighboring cells to form adhesive contacts (arrows) thereby electromechanically linking the two cells. (b, d) Higher magnifications of an adhesive domain indicated in (a) shows insertion of actin filaments into nascent adherens junctions (AJs) (arrows in (b)). Note the nascent (white arrowheads in (d)) and more mature (black arrowhead in (d)) desmosomal contacts in close proximity to the maturing AJ. (c) A mature adhesive domain again demonstrates desmosomal contacts (arrowheads) near a newly formed adherens junction (arrow). (e)--(g) More mature adhesive contacts demonstrate adherens junctions (arrows in (e)) at the insertion of the terminal actin filaments of newly formed myofibrils, along with closely associated desmosomal contacts (arrowhead in (f)) and gap junctions (arrowhead in (g)). Scale bars are 500 nm (a)--(f) and 100 nm (g).](JBB2010-624719.003){#fig3}

![Co-localization of PKP2 with N-cadherin and desmocollin in newly formed cell-cell contacts. ARCs were immunolabeled with antibodies to PKP2 (green: a, b, d, e) and pan-cadherin (red: a, c) or desmocollin (red: d, f) on day 5 post plating. There is an extensive overlap in localization of PKP2 with both N-cadherin and desmocollin. Note that there was a localization of N-cadherin along the lateral aspects of cellular projections at the cell-contact sites (arrows in (a)--(c)). These may represent filopodial extensions that mature into cell-adhesion domains. There was also noted to be some regional variation in the relative amounts of PKP2 and desmocollin (arrows in (d)--(f)). Scale bars are 10 *μ*m.](JBB2010-624719.004){#fig4}

![Localization of plakoglobin and plakophilin-2 in remodeling adult rat cardiac myocytes. ARCs were immunolabeled with antibodies to plakoglobin (PG) (red: a, b, d, e) and PKP2 (green: a, c, d, f) on day 5 post plating. Note the extensive co-localization of the two armadillo family proteins to new cell adhesion domains between contacting cells (a)--(c). There was some regional variation in the relative abundance of the two such that some newly-formed contacts contained predominately plakoglobin ((e): arrow; (e)-inset: asterisks) or PKP2 ((f) and (f)-inset: arrowheads). Scale bars are 20 *μ*m and the insets in (e) and (f) are a 2 × magnification of a region of cell-cell contact.](JBB2010-624719.005){#fig5}

![Localization of DP to a subset of adhesive sites. ARCs were immunolabeled with antibodies to desmoplakin (red: a, b) and PKP-2 (green: a, c) on days 5 (a)--(c) and 7 (d)--(f) post plating. The absence of DP from some of the adhesive domains ((a)--(c): arrowheads) suggests that its localization to the newly forming structures occurs after PKP2. DP and PKP2 do fully co-localize at more mature adhesive contacts ((d)--(f): arrowheads). Scale bars are 10 *μ*m (a)--(c) and 20 *μ*m (e, f).](JBB2010-624719.006){#fig6}

![Connexin43 localization to cell-cell contact domains follows adhesion complex assembly. ARCs at 5 days post plating were immunolabeled for Cx43 (green: (a, b); red: (c, d)) and PKP2 (red: (a, b); green: (c, d)). Early in the assembly and organization of cell-cell contacts in ARCs in primary culture, adhesive sites do not contain appreciable amounts of Cx43 (green: (a, b); red: (c, d)). (a) Connexin43 localization to newly formed adhesive contacts as identified by PKP2 immunostaining. Note the subsarcolemmal accumulation of connexons at the apices of the interdigitized contacts (arrowheads). (b) High magnification image of newly formed contact with subsarcolemmal accumulation of connexons prior to insertion into the membrane. (c, d) Low and higher magnification images of subsarcolemmal accumulation of connexons (arrowheads) prior to their insertion into the membrane. Note the regions of overlap of PKP2 and Cx43 immunolabeling indicating areas of mature gap junctions within the adhesive domains (arrow). Also, note that the Cx43 inserts into the membrane preferentially at adhesive sites (a, d). Scale bars are 10 *μ*m (a, c) and 5 *μ*m (b, d).](JBB2010-624719.007){#fig7}

![Ankyrin-G is selectively recruited to membrane domains involved in adhesive contacts. At 5 days post plating, ARCs were immunolabeled for PKP2 (green: a, b, d, e) and ankyrin-G (red: a, c, d, f). (a)--(c) Ankyrin-G localizes to mature cell adhesion domains where it co-localizes with PKP2 (see insets). (d)--(f) Ankyrin-G is far less abundant (arrowheads) or not yet detectable (arrow) in immature or newly-formed adhesive contacts. Scale bars are 20 *μ*m with the insets being 2  × magnifications of the larger image.](JBB2010-624719.008){#fig8}

![The *α* subunit of the voltage-gated sodium channel is incorporated significantly later into the newly-formed intercalated disks. ARCs at 5 (a)--(d) and 13 (e)--(g) days post plating were immunolabeled for Na~v~1.5 (red: (a)--(e) and (g)) and PKP2 (green: a, e, f) or *α*-actinin (green: (c)). (a, b) At the 5-day timepoint, there is no detectable localization of Na~v~1.5 even to mature cell adhesion sites (arrowhead). (c, d) Instead, Na~v~1.5 appears to be more closely associated with assembling myofibrils (arrowhead). Note the linear arrays of Na~v~1.5 immunolabeling between *α*-actinin-labeled myofibrils. (e)--(g) By 13 days post plating, the channel has localized to the new intercalated disk, significantly after the other components. Scale bars are 10 *μ*m (a)--(d) and 20 *μ*m (e)--(g).](JBB2010-624719.009){#fig9}

![Progressive maturation of the intercalated disk (a)--(e). (a) As cardiomyocytes remodel, N-cadherin (Ncad) distributes diffusely around the cell periphery. (b) When cells contact adjoining cells, desmocollin (Dsc) proteins of the armadillo family including plakoglobin (PG) and plakophillin-2 (PKP2) co-localize with N-cadherin at the cell contact site. (c) The nascent adhesive contacts recruit desmoplakin (DP) and the associated intermediate filaments. (d) After assembly of the adhesive plaque, connexin-43 (Cx43) and ankyrin-G (AnkG), a component of the VGSC, selectively localize to the adhesive contact site. (e) The *α* subunit of the voltage-gated sodium channel Na is incorporated significantly later into the more mature intercalated disks where they associate with ankyrin-G. The assembly process begins with the clustering of transmembrane adhesive contacts, followed by the recruitment of the plaque proteins and reorganization of the subcortical cytoskeleton. The process culminates with the recruitment of gap junctions and components of the VGSC complex (AnkG and Na~v~1.5) which are also assembled in a step-wise fashion.](JBB2010-624719.010){#fig10}
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